A sequence of at least 200 bp with more CpG sites than would be expected for its GC content. These sequences are often GC rich, are typically undermethylated and are found upstream of many mammalian genes.
For the past two and a half decades it has been thought that cancer is caused by genetic and/or epigenetic alterations to protein-coding oncogenes and tumour suppressor genes. These alterations result mainly from somatic genetic events 1 that occur over long periods of time, particularly in solid malignancies, such as lung, breast, prostate and gastrointestinal cancers. These findings have informed the development of novel (targeted) therapies that are based on the specific genetic alterations that are involved in cancer pathogenesis. For example, in the case of chronic myeloid leukaemia (CML), the disease has been shown to be caused by a t (9;22) chromosome translocation that leads to a fused breakpoint cluster region (BCR)-ABL1 gene with dysregulated ABL oncogene tyrosine kinase activity 2, 3 . Novartis investigators have developed an inhibitor of the ABL tyrosine kinase called imatinib (Glivec; Novartis), which induces complete remission in ~95% of CML patients in the chronic phase 4, 5 . Over the past few years, other drugs have been developed that affect (for example, by inhibiting angiogenesis) the activity of oncogenic proteins or the function of genes that facilitate tumour growth and/or survival. Such drugs are being used in patient treatment and clinical trials 1 .
Although it is clear that tumours are initiated, for the most part, by somatic genetic alterations 1 , it is also evident that many tumours show alterations in the expression of tumour suppressor genes because of epigenetic alterations -such as the methylation of CpG islands in their promoters -that lead to loss of function 6 . Therefore, therapies directed towards the reversal of the epigenetic changes that occur in various malignancies have been developed. For example, azacitidine (Vidaza; Celgene) and decitabine (Dacogen; Eisai) have been used to reactivate tumour suppressor genes that have been silenced by the methylation of promoter CpG islands 7 . Histone deacetylase (HDAC) inhibitors have also been used to reactivate the expression of silenced genes 8 . Although progress has been made in identifying the genetic and epigenetic causes of cancer, and therefore in identifying targets for therapy, several challenges remain. For example, although targeted therapies that are based on the identification of oncogenic mutations with causal roles in cancer have been developed, the treatment of malignancies that are initiated through the loss of function of tumour suppressor genes is more difficult, as the lost gene function must be replaced in all the cancer cells. The identification of additional alterations that cause or contribute to malignancy is a high priority.
In 1993, Victor Ambros and colleagues discovered a gene, lin-4, that affected development in Caenorhabditis elegans and found that its product was a small nonprotein-coding RNA 9 . After these seminal findings, the cloning and characterization of small, 20-22 nucleotide-long members of the non-protein-coding RNA family have led to the identification of ~1,000 microRNAs (miRNAs). miRNAs are generated by a mechanism that typically involves the transcription of a long precursor (pri-miRNA), which is then processed to produce a second precursor (pre-miRNA) of 60-100 nucleotides in length. The pre-miRNA is transported to the cytoplasm and a second processing step is carried out by an endoribonuclease of the RNase III family, which results in the final miRNA products (for a review, see REF. 10 ).
RNA-induced silencing complex
An Argonaute protein-small RNA complex that inhibits the translation of target RNAs through degradative or non-degradative mechanisms.
Indolent
In medical terms, slow to develop or heal.
In the cytoplasm, miRNA duplexes are unwound and the mature strand is incorporated into RNA-induced silencing complex. Following binding to partially complementary sites, usually in the 3′ uTRs of mRNAs, miRNAs cause an inhibition of translation and some degree of degradation of the target mRNA (for reviews, see REFs 11, 12) . Therefore, miRNAs are negative regulators of gene expression. They have been found to regulate over 30% of mRNAs and have roles in fundamental processessuch as development, differentiation, cell proliferation, apoptosis and stress responses -in a range of organisms, including C. elegans, plants, Drosophila melanogaster and mammals (including humans) 10, 13 . Over the past few years, many miRNAs have been implicated in various human cancers
. both losses and gains of miRNA function have been shown to contribute to cancer development through a range of mechanisms. Here, I discuss the causes and consequences of miRNA dysregulation in cancer and the opportunities that this knowledge has provided for the development of new cancer therapeutics.
The discovery of microRNAs as cancer genes During our attempts to clone a tumour suppressor gene at 13q14, a chromosomal region that is frequently lost in chronic lymphocytic leukaemia (CLL; the most common human leukaemia 14 ) , we found that all of the proteincoding genes that were present in the region of interest were not specifically altered in CLL, which suggested that they were not involved in the disease. We took advantage of a rare chromosome translocation involving 13q14 in CLL and mapped the breakpoint precisely to the region of loss. We also found a CLL case with a very small deletion of ~30 kb at 13q14 (REF. 15 ). Interestingly, the translocation breakpoint was located in the deleted region in the second case. These results suggested that the CLL suppressor gene was located in this small genomic region, in which there were no protein-coding genes. However, we found two miRNA genes, miR-15a and miR-16-1, in the deletion. The translocation breakpoint cut the precursor of these two miRNA genes, which reside in the same polycistronic RNA. This indicated that the loss of miR-15a and miR-16-1 was the target of 13q14 deletion in CLL pathogenesis 15 . Following this discovery, we observed the loss of miR-15a and miR-16-1 in ~70% of CLLs 15 . As most indolent CLLs have lost miR-15a and miR-16-1, we concluded that this loss must be an early event -perhaps the initiating event -in the pathogenesis of the indolent form of CLL. Indolent CLLs frequently progress to an aggressive disease, and a minority of CLL cases are aggressive at presentation.
These early results suggested that miR-15a and miR-16-1 can function as tumour suppressor genes in CLL, as their loss is associated with the development of the indolent form of CLL 15 . This finding prompted us to map the chromosomal location of all known miRNA genes, which resulted in another surprising finding; many miRNA genes are located in chromosomal regions that are frequently involved in chromosomal alterations, such as deletions or amplifications, in many types of human cancers. Extensive studies of these cancers have failed to find the activation of oncogenes or the loss of tumour suppressor genes, which suggests that the role of miRNAs in cancer could extend far beyond CLL 16 . Therefore, the mapping of miRNA genes to specific chromosomal locations provided important clues for the possible roles of these miRNA genes in cancer 16 (FIG. 1) .
These clues were supported by the expression profiling data of many different types of tumours
. For example, members of the let-7 family of miRNAs that map to chromosome regions that are deleted in multiple tumours were found to be lost in multiple different malignancies, including those of lung, breast, urothelial, ovarian and cervical cancers. Interestingly, an additional locus at 3q26 carries homologues of miR-15a and miR-16-1: miR-15b and miR-16-2. These miRNAs are expressed at low levels in normal CD5-positive b cells 15 ; however, they could be involved in other human malignancies. Similarly, let-7 family members map to different human chromosomes 16 , are differentially expressed in different tissues and are involved in different human tumours 17, 18 . The miR-17-92 cluster, which maps to a region that is amplified in lymphoma, was found to be overexpressed in many different tumours 19 . Consistent changes in miRNA expression were also observed in tumours without evident specific cytogenetic abnormalities, suggesting that pathways that are commonly dysregulated in human cancer could directly affect and dysregulate miRNA expression 19 . A corollary to this interpretation is that miRNAs could be the downstream targets and effectors of pathways that regulate important processes, such as development, proliferation, differentiation, apoptosis and stress responses 19 . If crucial pathways can be dysregulated by alterations in multiple genes, many of which may not be easily targetable by small molecules and many of which may be lost, a reasonable speculation is that their downstream miRNAs may become the suitable, and perhaps optimal, targets for therapeutic intervention. Therefore, if the dysregulation of a crucial pathway results in the loss of expression of a specific miRNA(s), this miRNA(s) could be used therapeutically. If it results in the overexpression of a specific miRNA(s), complementary (antisense) molecules -such as anti-miRNAs -could be used for treatment.
Box 1 | Defining the contribution of microRNAs to cancer pathogenesis
A straightforward approach to defining the contribution of microRNAs (miRNAs) to cancer pathogenesis is through expression profiling, which can be done by various methods, including microarrays and reverse transcription followed by PCR (RT-PCR). In general it is good practice to carry out profiling by microarray and validation by RT-PCR 12 . Profiling provides important information concerning the miRNAs that are dysregulated in a specific malignancy versus its normal tissue counterpart. It is important to discover the mechanisms of dysregulation and the potential targets of the dysregulated miRNAs. If the mechanism of dysregulation involves genetic alterations at an miRNA locus -for example, a deletion or a mutation that affects the processing of the miRNA or the amplification of an miRNA locus -it provides strong evidence for a contribution of that miRNA or miRNA cluster to cancer pathogenesis. If such genetic alterations occur early during the multistep process of malignant transformation in a large fraction of tumours, it suggests a role for that miRNA in the initiation of the process, providing a valuable target for therapeutic intervention. Nature Reviews | Genetics , a region that is frequently deleted in chronic lymphocytic leukaemia. miR-29a and miR-29b map to 7q32, a region that is deleted in myelodysplastic syndrome and acute myeloid leukaemia. The let-7g-let-7a1 cluster maps to 3p2, the let-7f-1-let-7d cluster maps to 9q22.3, let-7a-2 maps to 11q23-q24 and let-7c maps to 21q21 -all of these regions are involved in deletions in a range of solid malignancies, including lung, urothelial, breast, ovarian and cervical cancers.
MicroRNAs as tumour suppressors
Every malignancy is heterogeneous because cancer development is the result of a multistep process that involves multiple alterations in oncogenes and tumour suppressor genes over a period of time, often over several years. This heterogeneity is a challenge for understanding the events that initiate cancer development and for identifying potential new therapeutic targets. In terms of therapies, it is important to target the earliest genetic alterations, as these alterations will be present in 100% of the cancer cells, whereas later alterations may be present only in a fraction of the malignant cells. Genetic analysis provides a way to define early targets. because loss of miR-15a and miR-16-1 was detected in the majority of indolent CLLs and in aggressive CLLs that originated from the indolent form 15 , it seems logical that such genetic alterations must occur quite early during the process of leukaemogenesis. This interpretation was validated by the discovery of mutations that affect the expression of these miRNAs in patients with CLL and by the creation of a mouse CLL model that also carries mutations in the same miRNA locus 20, 21 . Further validation is provided by the development of indolent CLL in miR-15a-miR-16-1 knockout mice (C.M.C., unpublished results).
It is becoming clear that the sequence of genetic events leading to the development of malignancy is not rigid. For example, most indolent CLLs develop a 13q14 deletion that affects the miR-15a-miR-16-1 locus, and over time these leukaemias might lose miRNA genes at 11q23 or the tumour protein 53 (TP53) gene at 17p13, causing them to become aggressive. Aggressive CLLs, however, can start with an 11q23 deletion and then acquire a miR-15a-miR-16-1 deletion, suggesting that both alterations are necessary for the development of an aggressive CLL. Similarly, in the T cell lymphoma 1 (TCL1) transgenic mouse (an aggressive CLL mouse model), dysregulation of TCL1, which occurs in all human aggressive CLLs with an 11q23 deletion, is followed by loss of expression of miR-15a and miR-16-1. The fact that these two different alterations can occur in either order stresses the role of both alterations in the pathogenesis of the aggressive form of CLL. It seems likely that similar situations may occur in other malignancies.
The sequencing of miRNAs that are dysregulated in CLL identified mutations in the precursor of miR-15a and miR-16-1 that affect the processing of the miRNAs in a small fraction of CLL cases 20 . Therefore, not only deletions but also mutations may lead to miRNA loss of function. Interestingly, some of these mutations occurred in the germ line, confirming that the loss of function of miR-15a and miR-16-1 contributes to the development of CLL 20 and indicating that the loss of miR-15a and miR-16-1 expression in the germ line leads to a familial form of CLL. Raveche et al. have studied the genetics of an indolent form of CLL that occurs in the NZb mouse strain 21 . This mouse strain develops an indolent form of CLL late in life, as in humans 21 . Having mapped the disease to mouse chromosome 14 in a region homologous to 13q14 in humans, the investigators sequenced the miR-15a-miR-16-1 locus and found a mutation 6 nucleotides 3′ of miR-16-1 that also seems to affect processing of the miRNA precursor 21 ; in humans, the mutation is 7 nucleotides 3′ of miR-16-1 (REFs 20, 21) . Thus, germline mutations that affect the processing of miR-15a and miR-16-1 can cause the indolent form of CLL in both mice and humans. The sequencing of miRNAs in human CLLs also revealed mutationssome germline and some somatic -in other miRNA loci, including miR-29 family members 20 .
Targets of microRNA tumour suppressors
In 2005, Slack and collaborators discovered that let-7 family members negatively regulate the expression of RAS, indicating that the loss of let-7 family members results in the constitutive overexpression of RAS, an oncogene that contributes to the pathogenesis of several types of human tumours 22 . The following year, Cimmino et al. discovered that miR-15a and miR-16-1, which are present in the same polycistronic RNA, target b cell leukaemia/lymphoma 2 (BCL2) 23 , an oncogene that inhibits apoptosis and is the culprit in another indolent b cell malignancy, follicular lymphoma, due to a consistent t(14;18) chromosomal translocation 24, 25 . Therefore, it became clear that the loss of miRNAs could contribute to malignant transformation through the dysfunction of cellular oncogenes, such as RAS and BCL2. More recently, other targets of these miRNAs have been discovered, providing additional evidence of their role in cancer pathogenesis. For example, let-7 was also found to target high mobility group AT-hook 2 (HMGA2), a gene that is dysregulated in various human tumours, including liposarcoma 26 . It is clear that miRNAs have many different targetsdozens in some cases, hundreds in others -but depending on the cells involved, it seems likely that only a small number of them have a crucial role in cancer pathogenesis. This has been validated by the fact that various alterations in the expression of specific protein targets lead to the same phenotype. In fact, approximately 4% of CLLs carry translocations involving BCL2 and an immunoglobulin locus that deregulates the oncogene 27, 28 . Therefore, overexpression of BCL2 in CLL seems to be the crucial event in the initiation of most CLLs.
Target-prediction algorithms can be used to identify the protein targets of oncogene overexpression. However, this process must be followed by experimental validation to eliminate false positives, and because the number of predicted targets is usually large, this approach can be laborious. Alternatively, proteomics can be used to identify all of the protein products that are affected by the introduction and expression of a specific miRNA in different cell types 29 .
A multitude of microRNA tumour suppressors Since these early findings, other miRNAs that function as tumour suppressors have been discovered (TABLE 1) .
Several of the miRNAs that have been described as suppressors have been found to be deleted or mutated in various human malignancies. For example, loss of miR-15a and miR-16-1 has also been observed in prostate cancer and multiple myeloma (TABLE 1) . Members of the miR-29 family have been found to be deleted in a fraction of myelodysplastic syndrome (MDS) and acute myeloid leukaemia (AML) patients. Precursors of miR-29 have also been found to be mutated in CLL 20 . Members of the let-7 family map to regions of the genome that are involved in deletions in several solid and liquid malignancies 16 . In addition, miR-15a, miR-16-1, miR-29 family members and let-7 family members can be silenced by methylation in some cases 12 . In many cases, the involvement of miRNAs as suppressors has been suggested by profiling studies
, and alterations in the expression of miRNA genes have been observed in a wide range of tumour types.
Importantly, miRNAs should not be described as oncogenes or tumour suppressor genes, unless the tissue or cell type involved in their action is specified. For example, miR-221 and miR-222 target an oncogene, KIT, and inhibit the growth of erythroblastic leukaemia 30 , and therefore function as tumour suppressors in erythroblastic cells. but they also target at least four important tumour suppressors -phosphatase and tensin homologue (PTEN), p27, p57 and tissue inhibitor of metalloproteinases 3 (TIMP3) -and function as oncogenic miRNAs by suppressing these tumour suppressors in various human solid tumours 31 (TABLE 1) . Therefore, before describing an miRNA as a tumour suppressor or an oncogene, it is necessary to specify in which cell or tissue, as cellular context is crucial for the function of miRNAs 12 .
MicroRNAs as oncogenes
The overexpression of miRNAs has been observed in various human tumours, and there is evidence that several of these miRNAs function as oncogenes.
miR-155 and the miR-17-92 cluster. The first miRNAs that were found to be overexpressed in cancers were miR-155 and the miRNAs encoded by the miR-17-92 cluster [32] [33] [34] [35] . They are amplified at the DNA level in various b cell lymphomas 32, 33 . The gene encoding miR-155 is embedded in a host non-protein-coding genomic region named b cell integration cluster and is located on chromosome 21q23 (REF. 32) . Several groups have shown that miR-155 is overexpressed in aggressive CLL 20 , paediatric burkitt's lymphoma 36 , Hodgkin's lymphoma 37 , primary mediastinal non-Hodgkin's lymphoma 37 , AML 38 , lung cancer 19 and breast cancer 31 . Less is known about the mechanisms of dysregulation of miR-155, with the exception of cases in which the miR-155 gene is amplified, as in lymphomas.
The miR-17-92 cluster, which comprises six miRNA genes (miR-17, miR-18a, miR-19a, miR-20a, miR-19b-1  and miR-92a-1) , is located in a region of 800 bp in the non-protein-coding gene C13orf25 at 13q31.3 (REF. 34 ). This chromosomal region was found to be amplified in follicular lymphoma and diffuse large b cell lymphoma 34 . Overexpression of this cluster has been observed in a wide range of human solid tumours, including breast, colon, lung, pancreatic, prostate and stomach cancers, in addition to lymphoma 19 . miRNAs of the miR-17-92 cluster promote proliferation, inhibit apoptosis, induce tumour angiogenesis and cooperate with MYC to accelerate the development of lymphomas 39 . Interestingly, this cluster is transactivated by MYC, an oncogene that AML, acute myeloid leukaemia; BCL2, B cell leukaemia/lymphoma 2; BIM, Bcl2-interacting mediator of cell death; CLL, chronic lymphocytic leukaemia; DNMT, DNA methyltransferase; HMGA2, high mobility group AT-hook 2; LATS2, large tumour suppressor homologue 2; MCL1, myeloid cell leukaemia sequence 1; MDS, myelodysplastic syndrome; PDCD4, programmed cell death 4; PTEN, phosphatase and tensin homologue; SHIP1, SH2 domain-containing inositol-5′-phosphatase 1; TCL1, T cell lymphoma breakpoint 1; TIMP3, tissue inhibitor of metalloproteinases 3; TPM1, tropomyosin 1; WT1, Wilms tumour 1.
Syngeneic mice
Mice that are genetically identical. Cells can be transferred between syngeneic mice without provoking an immune response.
is frequently dysregulated in malignancies of various types 35 (see the next section for a more detailed discussion of the cooperation of these miRNAs with MYC). Recent studies of gain and loss of function indicated that this cluster is essential for b cell proliferation and that overexpression in b cells induces a lymphoproliferative disorder in mice 40 . This cluster affects cell cycle progression and proliferation through its regulation of the E2F transcription factors 35, 41 . Genes of the E2F family encode proteins that activate multiple genes involved in cell cycle progression from G1 to S phase 35, 40, 41 . It has also been shown that the E2F1 and E2F3 proteins can activate miRNA genes in the miR-17-92 cluster, which contributes to a regulatory loop 35, 41 . miRNAs encoded in the cluster can also downmodulate important targets, such as the tumour suppressors PTEN and p21 and the apoptotic protein bcl2-interacting mediator of cell death (bIM, also known as bcl2-like protein 11) 35 . However, experiments aimed at showing the oncogenic potential of the miR-17-92 cluster have not dissected the role and contribution of each member of the cluster to malignant transformation. Experiments in transgenic mice in which each member of the cluster is dysregulated individually will provide important insights into the role of each of these miRNAs in tumour development. In addition, investigating the processing of each member of the cluster in different cell types may provide interesting novel findings concerning their mechanisms of dysregulation.
The definitive proof that an miRNA can contribute directly to the pathogenesis of a malignancy has been provided by the development of transgenic mice with targeted overexpression of miR-155 in b cells 33 . Mice that carried a miR-155 transgene under the control of the immunoglobulin Eμ enhancer expressed high levels of miR-155 in b cells and developed a polyclonal expansion of large pre-b cells followed by frank leukaemia or high-grade lymphoma. Each of these stages was transplantable into syngeneic mice. A few months elapse before the mice develop a frank malignancy, so it is likely that additional genetic alterations occur to convert the pre-malignant cells into malignant cells 33 . These results indicate that the dysregulation of a single oncogenic miRNA can lead to the development of a malignant tumour. Overexpression of miR-155 and loss of let-7 have been found to be poor prognostic indicators for stage 1 lung adenocarcinoma 42 .
A multitude of potential oncogenic microRNAs. As indicated in TABLE 1, several additional miRNAs have been found to be overexpressed in various human tumours through profiling and may be candidate oncogenes. The formal proof of this, however, awaits the results of dysregulation experiments in animal models. These overexpressed miRNAs have been found to target important tumour suppressors. For example, miR-21 has been found to target PTEN, programmed cell death 4 (PDCD4), TIMP1 and TIMP3 (REF. 43 ); miRNAs of the miR-17-92 cluster have been found to target PTEN, E2F1 and bIM; and miR-221 and miR-222 have been found to target PTEN, p27, p57 and TIMP3 (TABLE 1) .
Of particular interest is the fact that miR-21 was found to be overexpressed in most of the different solid tumours analysed 19 . In fact, overexpression of miR-21 has been observed in various human tumours, including glioblastoma, breast, lung, colon, pancreatic, liver, stomach and prostate cancers and AML with 11q23 alterations 19, 31, 38, 41, [44] [45] [46] [47] [48] [49] [50] . In addition, overexpression of miR-21 has been observed during the development and progression of colorectal cancer 50 . Inhibition of miR-21 by antisense oligonucleotides in glioblastoma resulted in cell death 46 . Similarly, inhibition of miR-21 caused apoptosis in liver and breast cancer cells 47 . As mentioned, miR-21 has been found to inhibit several tumour suppressor genes. miR-221 and miR-222 have been found to be overexpressed in many haematopoietic and solid malignancies, such as aggressive CLLs 20 , acute leukaemias 38 , papillary thyroid carcinoma, hepatocellular carcinoma 51 and colon, pancreatic and prostate cancers 49, 50, 52 .
MicroRNA dysregulation by transcription factors. As mentioned above, the miR-17-92 cluster, which consists of six miRNAs, is frequently amplified in lymphoma.
Members of this cluster have a role in lung development and in the regulation of differentiation in haematopoietic cells. O'Donnell et al. have shown that the miR-17-92
cluster is transactivated by MYC, an oncogene that is frequently dysregulated in cancer 53 . Dysregulation of MYC by chromosomal translocation and juxtaposition to an immunoglobulin enhancer is the cause of burkitt's lymphoma 1 . Two recent studies of gain and loss of function showed that this cluster is essential for b cell proliferation and that a modest overexpression in b cells induces a lymphoproliferation disorder in mice 40, 41 . This cluster promotes cell cycle progression and proliferation, at least in part through the regulation of E2F transcription factors that regulate cell cycle progression. This cluster also has anti-apoptotic effects through its inhibition of bIM, PTEN and p21 (REF. 54 ). Members of the miR-17-92 cluster have homologues in two other clusters. One cluster is on chromosome 7 in the minichromosome maintenance complex component 7 (MCM7) gene and consists of miR-106b, miR-93 and miR-25, and the other cluster is on the X chromosome and consists of miR-106a, miR-18b, miR-20b, miR-19b-2, miR-92a and miR-363. FIGURE 2 shows the genomic structure of the 3 miRNA clusters on chromosomes 13 and 7 and the X chromosome. MYC induces the expression of the cluster on chromosomes 7 and 13 in addition to E2F1, which regulates the MCM7 and C13orf25 genes that host the two clusters. At the same time, miR-25 and miR-92a-1 downregulate the pro-apoptotic BIM gene, whereas MYC induces it 54 . Inactivation of the transforming growth factor-β (TGF-β) tumour suppressor pathway is an important step in the development of a range of human tumours 55 . Two of the three clusters (miR-106b-25 and miR-17-92) function as key modulators of TGF-β signalling in many tumours, interfering with cell cycle arrest and apoptosis when overexpressed in malignant cells 54 (FIG. 2) .
It seems likely that normally these two clusters dictate the pace of the TGF-β response by repressing bIM and p21 expression in proliferating cells and allowing sequential expression of p21 and bIM as cells differentiate and undergo TGF-β-induced cell cycle arrest and apoptosis. The work of Ventura et al. shows that the two clusters control apoptosis, as miR-17-92 and miR-106b-25 double knockout mice have a much more severe phenotype compared with miR-17-92 single knockout mice 41 . In cancer development, dysregulation of miR-106b-25 and/or miR-17-92 would compromise this regulatory mechanism, providing an escape from TGF-β-induced cell cycle arrest and apoptosis.
Recently, several reports indicated that the miR-34 family (which consists of miR-34a, miR-34b and miR-34c) is induced directly by the p53 tumour suppressor [56] [57] [58] and suggested that some p53 effects could be mediated by these miRNAs. by using various cellular models, the authors compared miRNA expression in cells with high or low levels of p53 expression and found that Nature Reviews | Genetics the expression levels of p53 correlated with the levels of expression of miR-34 family members. In addition, chromatin immunoprecipitation experiments showed that p53 binds to the miR-34 promoters 57, 58 . The introduction of miR-34 family members into cells that had lost miR-34 expression resulted in cell cycle arrest. To assess the role of each miR-34 family member, it will be necessary to knock out the expression of each member in different mouse tissues to determine whether loss of expression leads to malignant transformation or to a higher susceptibility to a range of tumours.
breast cancer is the second leading cause of death among women in the Western world and its molecular pathogenesis is still not completely understood. Several lines of evidence indicate that oestrogen receptor-α-negative (ERα -) breast tumours, which are highly aggressive and unresponsive to hormonal therapy, arise from ERα-positive (ERα + ) precursors through different molecular pathways. High levels of miR-221 and miR-222 were found in ERα -cells and breast tumour samples. Overexpression of miR-221 and miR-222 in ERα + cells suppressed ERα protein and luciferase assays, and confirmed that ERα is a target of miR-221 and miR-222. ERα was also found to negatively regulate expression of miR-221 and miR-222 by promoter binding 59 . Therefore, silencing ERα -for example, by methylation or by dysregulating miR-221 and miR-222 through the activation of pathways, such as the MET pathway, that are involved in oncogenesis -results in the constitutive activation of miR-221 and miR-222 and inhibition of the tumour suppressors p27, p57, PTEN and TIMP3, which contributes to the development of the invasive phenotype that is characteristic of frankly malignant cells 43 . This regulatory feedback loop seems to be involved in the development of ERα -breast cancers 55 . So, miRNAs can be dysregulated by transcription factors and, therefore, genetic or epigenetic alterations that result in the dysregulation of transcription factors can cause miRNA dysregulation, which contributes to malignant transformation (TABLE 2) . Volinia et al. have defined miRNA expression signatures that distinguish cancerous tissues from normal tissues 19 . Interestingly, they observed that some miRNA genes were dysregulated not just in one tumour type but in many, suggesting that these miRNAs may be downstream targets of pathways that are commonly dysregulated in cancer 19 .
If miRNAs are downstream targets of pathways that are commonly dysregulated in human cancer
, they become excellent targets for therapeutic intervention. It is known that proliferative signals lead to the activation of the MYC transcription factor, which positively and negatively regulates the expression of many protein-coding genes and miRNA genes, including the miR-17-92 cluster (which it regulates positively) and miR-15a and miR-16-1 (which it regulates negatively). Therefore, it seems possible that the mechanism of action of the activated oncogene is, at least partly, miRNA dysregulation -overexpression of miR-17-92 causes the downregulation of tumour suppressors and underexpression of miR-15a and miR-16-1 causes the upregulation of oncogenes, such as BCL2 and myeloid cell leukaemia sequence 1 (MCL1). Therefore, genetic or epigenetic alterations in protein-coding cancer genes or in miRNA genes may have similar consequences. until now it has not been possible to target the overexpression of MYC in tumours with drugs, but it is possible to target the miRNAs that are dysregulated by MYC -for example, by treating the cancer cells with antimiR-17-92 or with miR-15a and miR-16-1. Recently, bonci et al. have shown that the miR-15a-miR-16-1 cluster can control prostate cancer by targeting multiple oncogenic activities 60 . More generally, in tumours with alterations in protein-coding cancer genes, it should be possible to induce tumour regression using miRNAs and anti-miRNAs. In fact, recently Kota et al. have regressed Myc-induced hepatocellular carcinomas in mice by targeting an miRNA that is induced by Myc 61 .
Roles of microRNAs in cancer epigenetics
Altered patterns of epigenetic modifications, in particular the methylation of CpG islands in the promoter regions of tumour suppressors is a common finding in many tumours (for a review, see REF. 62 ). Such changes are often accompanied by aberrant patterns of histone modification. Therefore, the silencing of tumour suppressors in cancer can be caused not only by deletions and mutations but also by epigenetic changes.
MicroRNAs as targets of epigenetic changes.
The most studied epigenetic changes in cancer cells are the methylation of cytosines in the dinucleotide CpG in DNA 62 . Such 'methylable' sites, known as CpG islands, are preferentially located in the 5′ region (which consists of the promoter, 5′ uTR and exon 1) of many genes, are non-methylated in normal cells and are transcribed in the presence of the appropriate transcription factors. Methylation of the CpG islands of tumour suppressors results in their silencing and contributes to malignant transformation 62 . As mentioned above, the expression of miRNAs can be affected by genetic changes, such as deletion, gene amplification and mutation, and by transcription factors. In addition, the expression of miRNAs can be affected by epigenetic changes, such as methylation of the CpG islands of their promoters. Saito et al. reported that miR-127 is silenced by promoter methylation in bladder tumours and that its expression could be restored by using hypomethylating agents such as azacitidine 63 . This miRNA targets BCL6, an oncogene that is involved in the development of diffuse large b cell lymphoma. Therefore, the silencing of miR-127 may lead to the overexpression of bCL6 (REF. 63 ). Other investigators have described additional miRNAs that are silenced by methylation in various cancers and that can be reactivated by hypomethylating agents.
MicroRNAs as regulators of epigenetic changes. miRNAs can also regulate enzymes that are involved in the methylation of the CpG islands of tumour suppressor genes. For example, the overexpression of DNA methyltransferases (DNMTs) is a poor prognostic indicator, and miRNAs of the miR-29 family target de novo DNMT3A and DNMT3b 64 . Interestingly, the introduction of miR-29 family members into lung cancer cell lines caused demethylation of the CpG islands in the promoter regions of tumour suppressor genes, which allowed their reactivation and resulted in the loss of tumorigenicity 64 . Similarly, a recent study by Garzon et al. has shown that miR-29s target not only DNMT3A and DNMT3b but also, indirectly, the DNMT1 maintenance DNMT 65 . The introduction of miR-29 into AML cells resulted in the loss of expression of the oncogene MCL1 and the three DNMTs, in addition to the reactivation of the p16 tumour suppressor 65 ; therefore, treatment of the malignancies with miR-29 family members caused the reversion of epigenetic changes that contribute to malignant transformation in human cancers, such as lung cancer and AML.
Garzon et al. 66 have also shown that expression of the miR-29 cluster encoded at chromosome 7q32 is downregulated in acute leukaemias with deletions of 7q, an alteration that is frequently observed in MDS and AML. Therefore, miR-29s could be considered as candidate drugs for the treatment of these malignancies. because loss of miR-29s is observed in patients with MDS and AML, an alternative therapeutic strategy could be to stratify patients on the basis of miR-29 expression and treat them with azacitidine or decitabine, which would lead to demethylation and the reactivation of tumour suppressors. The prediction is that only those that have lost miR-29 expression will respond. Other miRNAs are predicted to target the DNMTs that are responsible for the methylation of the CpG islands of tumour suppressors. We already have preliminary evidence that miR-148a and miR-148b, which are lost in a range of human tumours, also target DNMTs (C.M.C., unpublished results). miRNAs are also predicted to target HDACs and other proteins that are involved in chromatin structure and function 67 ; therefore, it will not be surprising if the dysregulation of these miRNAs contributes to cancer pathogenesis.
These observations indicate that alterations in the expression of miRNAs could be responsible for some of the epigenetic changes that are observed in cancer cells, and that such miRNAs could provide novel targets for cancer therapy (TABLE 2) .
Therapies based on microRNAs or anti-microRNAs
The studies described in the sections above have highlighted a range of examples in which miRNA genes are involved or implicated in the pathogenesis of human cancer. The fact that several miRNA genes are dysregulated in multiple types of cancer also suggests that crucial pathways that are involved consistently in tumorigenesis may have miRNA genes as downstream targets 19 . Therefore, in tumours in which miRNAs are lost or overexpressed, miRNAs or anti-miRNAs 68 , respectively, could be considered as drugs that induce apoptosis and/or cell cycle arrest in cancer cells that depend on miRNA dysregulation for growth and survival.
The introduction of miRNAs or anti-miRNAs into tumours can be achieved in many different ways. They can be introduced into vectors, such as adenoviruses, adeno-associated viruses (AAVs) or retroviruses, which can deliver the miRNA to the tissue of interest 61 . Alternatively, miRNAs or anti-miRNAs can be used directly without the use of an expression vector; these miRNAs or anti-miRNAs can be modified to increase their half-life in vivo or be used in an unmodified form. The issue of delivery is important for therapeutics. Some tissues -for example, liver, bone marrow, spleen and kidney -will readily take up miRNAs. In these cases it may not be necessary to use vectors or modified miRNAs and anti-miRNAs. In other cases in which the natural uptake is modest, it may be necessary to use vectors or other delivery systems, such as liposomes.
Experiments in mice indicate that miRNAs and anti-miRNAs could be used for therapy. For example, miR-15a and miR-16-1 have been used to suppress the growth of leukaemic cells that lack these miRNAs 29 , and miR-29 family members have been used to suppress the tumorigenicity of lung cancer cells 64 . Members of the miR-29 family have also been used to suppress the growth of human AML cells that lack these miRNAs and to stem the overexpression of MCL1 and DNMTs in mice 66 . Therefore, it is likely that targeted therapies that exploit miRNA dysregulation in cancer can be developed for the treatment of human malignancies. In addition, therapeutic experiments using miRNAs or anti-miRNAs in mice have suggested that, like imatinib treatment of CML patients, these treatments have modest side effects, if any. miRNA profiling could also be used for patient stratification and for treatment selection, as miRNAs have also been found to cause drug resistance. It is interesting that some, perhaps many, of the epigenetic changes observed in cancer may be due to miRNA dysregulation. Therefore, miRNAs could be used to reverse these changes. In fact, as mentioned, the loss of miR-29 family members was discovered in lung cancer, AML and aggressive CLL. Such miRNAs have been found to target DNMTs and reactivate silenced tumour suppressor genes 64, 66 . DNMTs are also targeted by other miRNAs that are lost in human tumours. HDACs and other proteins that are involved in chromatin structure and function are also predicted to be regulated by miRNAs 67 . Therefore, it is not far-fetched to imagine that miRNAs will be used for reversing changes in chromatin structure that are associated with tumorigenesis. Furthermore, knowing which miRNAs are involved in directing the epigenetic marks that are lost in cancer will allow better patient stratification and the use of currently available drugs to revert those changes. For example, because miR-29s are lost in AML in which 7q is deleted and because AML cells with 7q deletions in vitro can be induced to re-express silenced tumour suppressor genes with miR-29, it should be possible to stratify AML patients on the basis of miR-29 expression to determine whether only those with loss of miR-29 respond to the methylation inhibitors azacitidine and decitabine.
Conclusions and future challenges
Since the discovery of miR-15a and miR-16-1 deletions in CLL 15 , many laboratories around the world have shown miRNA dysregulation in all tumours studied, including the most common, such as lung, breast, prostate and gastrointestinal cancers. Such dysregulation, like the dysregulation of oncogenes and tumour suppressor genes, can be caused by multiple mechanisms, such as deletion, amplification, mutation, transcriptional dysregulation and epigenetic changes. As miRNAs have multiple targets, their function in tumorigenesis could be due to their regulation of a few specific targets, possibly even one, or many targets. A future challenge will be to identify all of the targets of the miRNAs involved in cancer and establish their contribution to malignant transformation. An additional challenge will be the identification of all of the miRNAs that are dysregulated by pathways that are consistently dysregulated in various types of human cancers. This point is of particular importance, as instead of focusing on specific alterations in protein-coding oncogenes or tumour suppressor genes -which may be difficult to treat -we could focus on their downstream miRNA targets. If these miRNA targets are crucial for the expression of the malignant phenotype and the cancer cells depend on their dysregulation for proliferation and survival, we can expect that the use of miRNAs or anti-miRNAs will result in tumour regression. Genomic analyses for alteration in miRNA genes or for copy number alterations in various human tumours by deep sequencing is in progress but has not been completed. These studies could provide additional information concerning the involvements of miRNAs in cancer and in many other diseases. Over the past few years, we have observed a shift from conventional chemotherapy to targeted therapies, and miRNAs and anti-miRNAs will contribute extensively to the latter.
